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Abstract
In this study, we have fabricated metal-insulator-metal (MIM) capacitors where the insulator layer is made of 255 nm diameter silica nanospheres. The MIM devices have been characterized and modeled by electrochemical impedance spectroscopy (EIS) and charge-discharge transients. Fitting the results with modified Randles models agreed well with three constant phase elements, three leakage resistors, and a Warburg element. According to the results of the fitting of the charge-discharge measurements and of the modified Randles model, values of real capacitances up to thousand times larger than the theoretical capacitance of a similar capacitor with a continuous layer dielectric are found. These unexpected high capacitances seemed to be related to the ability of the nanospheres to trap electric charges due to surface hydroxyl groups that are originated by the adsorption of water molecules, thereby indicating that the environmental humidity plays a role. This has been ascertained by measurements at several temperatures above the ambient and the resulting capacitance decreases as temperatures increases. Furthermore, active and reactive parts of the complex power have been measured showing capacitive or resistive behavior depending on the frequency. These results suggest that this novel MIM device based on nanospheres may be a new baseline technology for supercapacitor technology.
Highlights
A novel MIM structure is fabricated with silica nanospheres as an insulator layer.
Estimated measured capacitances based on EIS and charge-discharge analysis are up to 1148 larger than theoretical MIM capacitance made up of a continuous dielectric.
Charge-discharge measured responses were well predicted by Matlab simulated square responses based on the Randles model and the Grunwald-Letnikov definition.
The increase in temperature proved to reduce the real capacitance and has been interpreted a due to the reduction of charge by the evaporation of adsorbed water in the nanospheres interstices.
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1.	Introduction
The current trend of increasing demand of power storage for several applications has stimulated research on supercapacitors [1] which have higher energy density than electrolytic capacitors and are able to deliver energy faster than batteries. According to the mechanism of energy storage, supercapacitors can be classified [2] into: Electrical Double Layer (EDLC) capacitors based on electrostatic charge between a microporous conducting electrode and an electrolyte (there is not charge-transfer reaction); Pseudo-capacitors [3] based on reversible redox reactions of a transition metal oxide or conducting polymers with an electrolyte, and Hybrid capacitors based on a combination of both mechanisms.
Oxide nanoparticles onto carbon electrodes have been used to increase the specific capacitance. For example, in reference [4] a chemical bath is used to deposit nickel oxide nanoparticles onto porous activated carbon monoliths to implement supercapacitor electrodes, and synthesized mesoporous manganese dioxide nanoparticles [5] have been used by a soft template method using a cationic surfactant to composite an electrode with carbon black. 

Recent advances in nanoparticle Metal Insulator Metal structures (MIM) are discussed in this work. A layer of silica nanospheres takes the place of the insulator layer and the potential to increase the capacitance is evaluated, despite that these MIM structures are not pseudo-capacitors as silica is not a transition metal oxide, there is not a porous conducting material and no electrolyte is involved. However, despite the fact that a redox reaction does not occur in the interface of the silica, a capacitance increase has been previously reported [6] when a silica nanoparticle layer was coated on the top of the electrodes by tumbling and dip-coating methods.

In a previous paper [7] our group described a MIM capacitor that was built  depositing silica nanoparticles by electrospray onto a planar aluminum plate electrode and covering the  nanoparticles with a thin layer of evaporated aluminum as the second electrode.
Electrospray is a well-known technique for deposition of nanoparticle layers [8] from an aqueous dispersion using high voltage, in relatively short times and large areas compared to other methods such as vertical deposition, Langmuir- Blodgett, spin-on and tumbling.  As a follow up of our previous work, we report in Section 2 below the experimental approach, followed by Section 3 with a detailed description of the impedance spectroscopy results based in Randles impedance model [9]. The effect of the temperature has been also analyzed and interpreted.
2.	Experimental 
2.1 Fabrication 
Several MIM structures were fabricated to make sure that the results were qualitatively reproducible. The MIM structures were fabricated using the steps shown in Fig.1: A dispersion of positive photoresist is spun onto a glass substrate creating a uniform photoresist layer which is exposed to UV light through a first mask (a). The photo-layer is then patterned to create the bottom electrode (b). A thin aluminum film is then deposited by thermal evaporation and patterned by lift-off (c). A second photoresist layer is spun on the surface (d) and, with the use of a second mask, two windows are patterned (e): one to create the active area of the MIM capacitor and the second to allow the electrical contact to the bottom plate. Next a nozzle is placed at a distance of 5 cm on top of the active area window and the electrospray process is triggered when a high DC voltage is applied between the nozzle (around 5.3 kV and 6.3 kV) and the bottom plate electrode is biased to a negative voltage (typically between -1 kV and -1.4 kV). The colloidal fluid we have used is composed by a 95% DI water and a 5% of silica nanospheres. It is pumped through the nozzle with a flow rate set at 0.4 mL h-1 or 0.3 mL h-1. The solution of 255 nm diameter nanospheres is then electrosprayed for about 10 minutes (f) and they are dried in nitrogen flow at 2 bars of pressure. Finally, the top electrode is created by depositing an Al film by thermal evaporation through a shadow mask (g). 

The top view of the MIM structures is shown in Fig.2. Where the active area is 20.25mm2. 

2.2 Characterization
SEM/FIB measurements, electrochemical impedance spectroscopy, complex power and charge-discharge transient characterization were carried out to study these devices.
Real and imaginary parts of the impedance were measured for three MIM structures in this work (MIM A, MIM B and MIM C) at room temperature, using a Hioki IM3590 impedance analyzer and an Agilent 4294A covering the frequency range from 0.1Hz to 1MHz. The sinusoidal signal was 500mV amplitude and 0mV bias. 
A fourth MIM (MIM D) was placed on a thermal chuck and it was heated to 30°C, 35°C, 45°C and 50°C using a STC200 temperature controller, the impedance was measured using a Hioki IM3590 analyzer impedance over the frequency range from 0.1 to 100kHzH at 500mV. 
From the impedance spectroscopy measurements described above, a normalized AC power analysis was performed to find out how the active and reactive powers depend on the frequency. 
Transient experiments have been performed using a circuit arrangement where the MIM structure is placed in series with a Ro commercial resistor and the voltage across is registered following a square wave input. An Agilent 33250A function waveform generator was used to supply a positive and periodic square waveform of 1.2V peak amplitude. An Agilent MSO7054A digital oscilloscope was used to acquire the output signal at Ro.  
3.	Results and Discussion
3.1 SEM/FIB characterization
Fig.3 shows SEM cross section images after FIB drill of three MIM structures, named A, B and C, as representative of the devices we have produced during this work. A random ordering of the nanospheres is observed in the three samples: MIM A (Fig.3. A), MIM B (Fig.3.B) and MIM C (Fig.3.C). Table 1 summarizes the thicknesses of the layers deposited. Different thicknesses are achieved by varying slightly the flow and time of the deposition. The thinnest layer is MIM C with 1.51 µm.  








Regular flat surfaces are observed in all the MIM structures shown in Fig.4 with the exception of MIM C, where an elevated region with a detached portion is observed on the upper edge of Fig.4.C, we interpret this result to be a consequence of the drying process dynamics tending to aggregate more particles in the periphery, especially in the thinnest sample, creating mountains and breaks on the borders. So this area is prone to crack.

3.2 Impedance spectroscopy measurements and Nyquist plots
The Impedance is  a function of frequency and it is defined by the following equation:
	( 1 )
Where Re(Z) and Im(Z) are the real and imaginary parts of the impedance and a complex capacitance C* [10] can be defined by:
	( 2 )
	
The real part of the capacitance [11] is defined as:
	( 3 )
	
C’ represents the capacitance that can be measured by cyclic voltammetry or galvano-static cycling methods. C’’ is the imaginary part of the complex capacitance and is related to the energy loss by the capacitor by free charge motion and dipole alignment.

Fig.5 A, B and C show the Nyquist plots of the impedance measurements of the three MIM structures showing a lineal behavior at low frequency followed by depressed semicircular shape at higher frequency. In order to interpret the results we have fitted the measurements with the circuit model shown in Fig.5.D, consisting on the series arrangement of three parallel sub-circuits involving three constant phase elements (CPE1, CPE2 and CPE3), one Warburg element (ZW) and three resistors (R1, R2 and R3). We have tried to fit the experimental measurement with equivalent circuits with less elements but the best agreement was found using such more complex model. 
A constant phase element is an empirical element without an exact physical meaning [12], but it is generally attributed to a double layer. We interpret, in our case that the three constant phase elements CPE1 CPE2 and CPE3 can be attributed to double layers at the nanospheres/metal interfaces and to an effective nanosphere/nanosphere interface. The CPE impedance is defined as:
	( 4 )
Where the dispersion exponent is 0< α <1. QC is a coefficient independent of the frequency. This impedance is  a capacitance only when α =1. Clearly, a CPE works like a non ideal capacitor [13].

The resistances R1, R2, R3 take into account dissipative processes due to the charge transfer of electrons and ions (hydrogen H+ and hydronium H3O+) that can migrate through the water molecules and the hydroxyl  groups [14] through the silica nanospheres and  interfaces.

The Warburg element ZW is usually associated to the diffusion of electrolytic ions and  electrical double layer [15]. The only weak electrolyte used in the course of our fabrication is deionized water, so the Warburg impedance takes into account the diffusion of charges involving H+ and H3O+ ions around the periphery of the nanospheres. This effect has been already  reported in humidity sensors made of silica nanoparticles aerogels [16], [17]. The hydronium H3O+ ions result from the interaction of water molecules with H+ ions bonded to hydroxyl OH- group. Furthermore, H+ and OH- ions are created by self-dissociation of the water vapor. The water molecules would come from the remainder trapped water after electrospray that is located at the nanospheres interstices and from the humidity of the environment. In addition, studies [18] based on thermal gravimetric and infrared spectra analysis have reported that silica nanosphere structures have the ability to  physically absorb  large amount of water molecules (12%)  from the ambient moisture  through hydroxyl groups bond to the surface (Si-OH). 
The Warburg impedance Zw used in our model is defined [19] by the equation:
	( 5 )
Where AW is the Warburg coefficient and ω is the angular frequency. 







Table 2 shows the best fit values for the equivalent circuit model for the three samples. It is difficult to assign a perfect physical origin to each sub-circuit due to the behavioral nature of them. We can however associate the left sub-circuit to the bottom contact and the right one to the upper contact whereas the Warburg sub-circuit can be associated to the nanoparticles themselves.
 We have also added to the Table 2 the real capacitance C’ at 0.1Hz and the estimated value of the theoretical capacitance CTH of a similar structure (same size and thickness), but with a continuous and homogeneous silicon dioxide dielectric layer with the relative permittivity equal to εr=3.9. 
As can be seen in Table 2 all C’ values are greater than CTH in two to three orders of magnitude. MIM A has a ratio of 589, for MIM B is 449 and for MIM C is 1148 times. The largest capacitance value is found for the thinnest device. The 45° line in the Nyquist plot is typical of a diffusion process and the semicircle is usually interpreted as due to the conductivity of the ions and interface polarization. These are observed in the Nyquist plots of MIM A and MIM B in Fig.5. Also, the MIM C is much more vertical and the semicircle is almost unobservable. Our fitting revealed that the linearity was better when the magnitude of the Warburg impedance was greater than the other resistors, especially R1 and R2. The better capacitive behavior (most linear Nyquist) is for the MIM C, whose Warburg coefficient AW is 630 times larger than R1, 60 times than R2 and 90 times than R3. For the MIM A and MIM B, the magnitude of AW, R1 and R2 are of the same order. 
Desorption and adsorption of water from the environment may have affected the measurements as the evaporation of water tends to increase the value of the leakage resistors compared to the Warburg impedance. This is supported by the results of humidity sensors based on oxides, as it has been demonstrated that the conductivity increases as water concentration increases [20] [17] [21]. In order to evaluate the effect of humidity, we have fabricated another MIM structure with a square area of 3.24mm2 called MIM D with a dielectric thickness of 1.013µm and it has been heated at 30°C, 35°C, 45°C and 50°C. Nyquist plots are shown in Fig.6.A. It is observed that with the increase in temperature, the radius of the semicircle increases. The loss of water mainly is reflected in the Nyquist modeling by means of the increase of the resistors (R1, R2 and R3) and the reduction of the Warburg (Aw) as is shown in the Table.3. The Nyquist fit also shows a decrease in the constant element phase QCPE1. As a conclusion, when the relation between the Warburg and the other resistors decrease then the ratio C’/CTH also decreases as shown in Fig.6.B. For instance, when temperature is 30°C, C’/CTH is 267; and when temperature is 50°C, C’/CTH is 114.









3.3 Complex Power characterization




Where φ is the phase of the impedance Z and equal to the angle of the power triangle formed by complex power S, active power P and reactive power Q.
A figure of merit [22] called dielectric relaxation time ΓO represents the frontier from a purely resistive to a purely capacitive behavior [23] and is a measure of how fast is able to deliver charge. ΓO is graphically derived from the frequency (1/fO or relaxation frequency) at the intersection of the P/|S| and Q/|S| curves as a function of frequency.  
Fig.7 shows such diagrams with crossing point located at P/|S|=Q/|S|=0.707 that corresponds to φ= -45°. The power curves fit every well with the model using the value of the parameters in Table 2 for frequencies under 10 kHz, but depart at higher frequencies. 

From Fig.7.C it can be seen that the results for MIM C have two crossing points at 2.57Hz and 2.09 kHz. For frequencies bellow 2.57Hz, it is an excellent storage capacitor because Q/|S| > P/|S|. At intermediate frequencies from 2.57 Hz to 2.09 kHz, it dissipates power because Q/|S| < P/|S|. Finally, at higher frequencies it is able again to store energy. The frequency of 2.57Hz allows to calculate a dielectric relaxation time (ΓO=1/fO) equal to 0.389s. 
MIM Structures A and B have very similar plots with close values of the crossing frequency, namely 141.2Hz and 151.25Hz for MIM structures A and B respectively. There are losses at low frequency as the behavior is resistive while above the crossing frequency have capacitive behavior. The relaxation time can be estimated to be higher than 10s. 
Smaller values of relaxation time mean that the time to discharge energy is shorter. Therefore MIM C is better than MIM A and MIM B in that respect. Moreover, MIM C has a good relaxation time compared  to double layer carbon capacitors in the range  1s-70s [23] [24] [25]. However, it is not better than Graphene-Conducting Polymers Supercapacitor 8ms-27ms [26] or Electrochemically Reduced Graphene Oxide Supercapacitor 1.35ms [27]. 

3.4 Charge-discharge Transient response
The bottom plate of the MIM structure is connected to an end of Ro. A waveform generator is connected to the other plate. The circuit analyzed is shown in Fig.8.D where VG=1.2V, RO=10MΩ and RI=1MΩ is the oscilloscope input impedance. Vo is the output voltage measured with a digital oscilloscope.
The charge-discharge transient response has also been simulated. In order to simulate the transient behavior, we have derived a transfer function in the Laplace domain.
Replacing each CPE impedance from the Randles circuit by a fractional capacitor [28] of α order in the Laplace domain:
	(  9 )
Where 0< α <1. The deduction of the equation (9) can be easily developed using the definition of the CPE current in equation (10) and  the Laplace transform of the Grünwald-Letnikov fractional operator [29] shown in equation (11):
	(10 )
	(11 )
With zero initial condition, the complex impedance in the Laplace domain is given by:
	(12 )
We have used FOMCON Matlab toolbox supplied by [30], to find out the transfer function Vo/Vi:
	(13 )
The time response can be derived from equation (13).

Fig.8 shows comparisons of the transient measured with the simulated data. At the first semi-cycle, VO is positive and decrease because the generator voltage applies a positive signal and all constant phase elements are charging. VO has a final voltage value about 50mV, 90mV and 70mV for MIM A, MIM B and MIM C respectively due to voltage divider produced by the resistors when the CPEs are fully charged as open circuits. The second semi-cycle starts when the generator voltage is zero; VO is negative because it is in parallel with the MIM being the CPEs discharging. 
The excitation signal had a frequency of 5 Hz for MIM A and MIM B; and 200 mHz for MIM C. The almost flat curves indicate that they work more as resistors than as capacitors which is reasonable since Fig.7.A and Fig.7.B show a greater power dissipation at that frequency. 
On the other hand, Fig.8.C shows that MIM C has a better capacitive behavior confirming the analysis made in the previous sections. In fact, the MIM C curve can be approached to a first order model to extract a time constant:
	(14)
Where the MIM circuit is considered to be formed by a CP and a RP in parallel. The results were CP=485nF and RP=8.8MΩ. As can be expected, they closely resemble the value of real capacitance C’ and AW+R1+R2+R3 of Table.2. Surely, a greater contribution of humidity together with its finest thickness favored that the MIM C has a better performance than the others MIMs. 

4.	Conclusion
Metal-insulator-metal structures consisted by 255nm diameter disordered silica nanospheres as insulator layer have been fabricated by electrospray and microelectronic techniques, their capacitive characteristics are explored by electrochemical impedance spectroscopy and charge-discharge measurements. 
The MIM structures can be modeled using an equivalent circuit model formed by three constant phase elements (CPE), one Warburg element (ZW) and three resistors (R1, R2 and R3). The estimated capacitances were greater than theoretical capacitances CTH in a factor of approximately 500 up to 1100 for the fabricated samples. The difference in values is primarily due to the inverse relation with the thickness of the dielectric layer. The large increase in the capacitances is attributed in part to the ability of silica nanospheres to adsorb and retain water molecules allowing the electrical conduction of ions such as H- hydrogen and H3O+ hydronium. This statement was confirmed when we removed adsorbed water by heating of a MIM structure, the increase in temperature reduced the capacitance due to evaporation of adsorbed water at the nanosphere interstices.
The Randles model was used to predict the transient response when the MIM was charged and discharged connected in series with a resistance. From the transient response, a time constant for an exponential discharge of first order can be approximated to obtain a capacitance value similar to circuit model.  Complex power analysis indicates that some samples exhibit a more resistive than capacitive behavior, depending on the applied frequency.
Defects inherent to the technology deposition of nanospheres such as small breaks or regions higher on the borders of the nanostructures should be enhanced, especially for thin nanoparticles layer thicknesses. The ambient humidity was no deliberately controlled, but the observed results indicate that the use of other electrolyte instead of DI water can improve the performance of the device. 
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Fig.2. Top view of MIM structures A, B and C with main parameters shown in table 1.


















Fig.6. MIM structure D Nyquist from 0.1Hz-100 kHz at different temperature. A) For 30°C measured (■), modeled (●); for 35°C measured (▲), modeled (▼); for 45°C measured (◄), modeled (►); for 50°C measured (♦), modeled (♦). B) C’ versus Aw (R1+R2+R3)-1.


Fig.7. Measured normalized: active power (■) and reactive power (●) versus frequency plots. Modeled normalized active power (▲) and reactive power (▼). A) MIM structure A, B) MIM structure B, C) MIM structure C.


Fig.8. Transient response measured (■) and modeled (●) at Ro placed in series with a MIM and exited by a periodic quadratic signal voltage: A) MIM A with frequency generator of 5Hz, B) MIM B with frequency generator of 5Hz, C) MIM C with frequency generator of 200 mHz, D) Circuit diagram.
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